First-principles calculations have been performed to study the structural and electronic properties of pure and Y-doped cubic HfO 2 . It is found that Y doping in HfO 2 would increase the stability of the cubic phase relative to the monoclinic phase by reducing the energy difference and the phase transition pressure. This result is consistent with the observed stabilization of the cubic phase of HfO 2 by the addition of Y. 
I. INTRODUCTION
The progressive down-scaling process of Si-based complementary metal-oxide-semiconductor devices particularly results in a requirement of wide band gap insulating metal oxides with high dielectric constant ͑high-͒ to replace the conventional silicon dioxide ͑SiO 2 ͒ gate oxide films, in order to reduce leakage current and achieve the desired device area while maintaining the gate capacitance. 1-3 Among the possible candidates, HfO 2 is one of the most attractive dielectrics due to its high dielectric constant of 25, 2 reasonable band gap offsets with silicon, 4, 5 and thermodynamical stability on Si substrate. 6 At atmospheric pressure HfO 2 exists in three structures, i.e., monoclinic, tetragonal, and cubic phases, and the thermodynamic stability of each phase strongly depends on temperature. 7 Only the monoclinic phase of HfO 2 is stable at low temperatures, the stabilization of tetragonal phase of HfO 2 requires significantly higher temperature ͑above 2000 K͒, and cubic phase of HfO 2 becomes stable even above 2870 K. First-principles study 8 has predicted that HfO 2 exhibits higher permittivity, , in the cubic ͑ ϳ 29͒ or in the tetragonal ͑ ϳ 70͒ structure than in the monoclinic one ͑ ϳ 16-18͒. Therefore it is desirable to prepare HfO 2 in the cubic or tetragonal form at lower temperature, even at room temperature. 9 In view of the fact that the cubic phase of HfO 2 crystallizes in a fluorite-type structure and Y 2 O 3 in a bodycentered cubic structure, the close correlation between these two structures 10 gives the possibility that addition of Y 2 O 3 would stabilize the cubic structure of HfO 2 at lower temperature. Early experimental studies [11] [12] [13] showed that solid solution of HfO 2 and Y 2 O 3 can be stabilized in cubic form for the atomic percentage ͑at. %͒ of Y from 8 / 15 at. % up to 50/ 60 at. % at temperatures as low as 1500°C. The stabilization of cubic HfO 2 for lower Y concentration ͑ϳ6.5 at. % and ϳ4 at. %, ͑HfO 2 ͒ 0.9 -͑Y 2 O 3 ͒ 0.1 , and ͑HfO 2 ͒ 0. 8 16 These occupied states in XPS spectrum of pure HfO 2 are attributed to the oxygen-vacancy-related defects, 25 suggesting that doping Y into HfO 2 could also passivate the oxygen vacancies. This motivates us to conduct ab initio simulations in order to show the effect of Y doping on electronic structures of oxygen vacancies in HfO 2 .
In this work, we have conducted a comprehensive theoretical study on the structural stability of monoclinic and cubic phases of HfO 2 with and without dopant Y, and on the electronic structures of oxygen vacancies and complex defects formed by oxygen vacancy with Y substitution for Hf in cubic HfO 2 . All calculations presented are carried out by the plane wave pseudopotential method within the generalized gradient approximation ͑GGA͒. The rest of this paper is organized as follows: In Sec. II we present the details of the calculations. In Sec. III we discuss the results for structural stability of monoclinic and cubic phases of pure and Y-doped HfO 2 , and electronic structures of oxygen vacancies in cubic HfO 2 with and without Y substitution. Section IV summarizes the work.
II. COMPUTATIONAL METHOD
All calculations are performed by using the plane wave pseudopotential methods within density functional theory, 30 as implemented in the VASP code. 31, 32 The ultrasoft pseuodopotentials are employed to represent the interactions between the ion core and the valence electrons. 33 The exchange correlation functional is treated within the GGA of Perdew and Wang. 34 Wave functions are expanded in a plane wave basis set with cutoff energy ͑E cut ͒ 495 eV. For structure optimization, conjugate gradient method is used for the relaxation of atoms until the residual forces are less than 0.01 eV/ Å. The k-points in the Brillouin zone ͑BZ͒ are generated by the Monkhorst-Pack scheme for BZ integrations. Tests on k-point sampling have been done to make sure that the total energies are converged.
A. Bulk calculations and equation of state
As a starting point for our investigation we have carried out the calculations of monoclinic and cubic phases of pure bulk HfO 2 to determine the structural parameters. We conduct the structural optimization for the monoclinic and cubic phases of HfO 2 , starting from experimentally reported geometry. 12, 35, 36 For each phase, we calculate the total energies for many different cell volumes. For each given volume, we optimize all the lattice parameters and relax internal parameters using the conjugate gradient method. The obtained energies are fitted with the Birch-Murnaghan equation of state 37 to give the equilibrium volume and the minimum energy. The 9 ϫ 9 ϫ 9 and 5 ϫ 5 ϫ 5 k-point meshes are used in BZ integrations for the calculations of cubic and monoclinic phases of pure HfO 2 , respectively.
In order to study the effect of Y doping on structural stability of HfO 2 , we also perform the structural optimization of Y-doped monoclinic and cubic HfO 2 with the Y content at Y:Hf=1:7 ͑12.5 mol % yttrium͒ in the above manner. In this case, the Y-doped HfO 2 is modeled by one HfO 2 supercell containing 24 atoms, which is generated by 1 ϫ 1 ϫ 2 extending the primitive cell of monoclinic HfO 2 and 2 ϫ 2 ϫ 2 for cubic HfO 2 . In the present paper, we focus the calculation only on the substitution of Y for Hf, compatible with the experimental study. 17 The 5 ϫ 5 ϫ 5 and 5 ϫ 5 ϫ 3 k-point meshes are used in BZ integrations for the calculations of cubic and monoclinic phases of Y-doped HfO 2 , respectively.
B. Defect formation energies
For all the further investigations on defects we increase the supercell size of cubic HfO 2 , so that small amounts of Y impurities and/or oxygen vacancies can be examined. Therefore, a 3 ϫ 3 ϫ 3 supercell containing 27 HfO 2 formula units is used for studying the defects in cubic HfO 2 . With this setup, the available minimum of Y content is Y : Hf=1:26 ͑3.7 mol % yttrium͒. The substitution of Y for Hf ͑Y Hf ͒ is realized by replacing one of the lattice Hf atoms with a Y atom in the relaxed cubic HfO 2 supercell. To introduce an isolated oxygen vacancy ͑V O ͒, one interior oxygen atom is removed from the supercell. The V O -Y Hf complex defect is formed by an oxygen vacancy and one substitutional Y on Hf site. A neutralizing background charge is applied to the supercell for the calculations of charged defects.
The formation energy of point defect in cubic HfO 2 is calculated from the total energy of defective supercell according to the standard formalism. [38] [39] [40] For a defect ␣ in charge state q in the cubic HfO 2 , its formation energy is a function of both the Fermi level F and the chemical potentials of Hf, O, and Y ͑ Hf , Y , O ͒ involved in the defect:
where E͑␣ , q͒ is the total energy of the defective supercell, E 0 0 is the total energy of the perfect HfO 2 supercell, and n Hf , n O , and n Y are the numbers of Hf, O, and Y atoms removed and/or added to the perfect supercell to introduce an oxygen vacancy or Y substitution on Hf site. For example, n Hf = −1, n Y = 1 and n O = −1 stands for a complex defect of V O -Y Hf . The Fermi level F is measured relative to the valence band maximum ͑VBM͒, E VBM . With periodic boundary conditions the potential is determined only up to a constant; in order to accurately determine the E VBM it is necessary to line up the potential of the perfect supercell with that of the defective one. For this purpose, the average electrostatic potentials of the atoms far away from the defect in the defective supercell are aligned with those of the corresponding atoms in the perfect supercell. 41 As for the oxygen vacancy and the complex defect of V O -Y Hf , their charge q varying from neutral to fully ionized states ͑i.e., 0 ϳ +2͒ are considered.
In order to study the stable charged defect states and the possible role that defects play in photo-stimulated processes, we consider the ionization energies of defect states with respect to the bottom of the conduction band of cubic HfO 2 , following the studies on oxygen vacancies and interstitials in monoclinic HfO 2 . 21 We calculate the defect ionization energy I p ͑␣ , q͒ defined as the vertical excitation energy of an electron from the defect with charge q to the bottom of the conduction band, 21 i.e.,
where E 0 −1 and E 0 0 are the calculated energies of perfect supercell with charge −1 and 0, respectively. E ␣ q is the energy of the defective supercell containing defect ␣ with charge q. Note that the E ␣ q+1 is calculated with the geometry of the relaxed defective supercell containing defect ␣ with charge q. Due to the band gap or conduction band edge underestimated in GGA calculations, is taken for correction of the conduction band minimum and defined as the difference between experimental band gap value ͑E g expt ͒ and theoretically calculated one ͑E g theor ͒. This approximation is the main source of inaccuracy for the defect levels. Here E g expt = 5.68 eV ͑Ref. 42͒ is used and E g theor can be obtained by following the formula,
and the band gap calculated is about 4.06 eV, which is smaller than the experimental value of 5.68 eV.
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III. RESULTS AND DISCUSSIONS
A. Structure and relative stability
The calculated lattice parameters ͑a, b, c and ␤͒, equilibrium volume V 0 , and bulk modulus B 0 of monoclinic and cubic phases of HfO 2 are all listed in Table I indicate that the monoclinic phase is still energetically more stable than the cubic phase, but the energy difference between monoclinic and cubic phases of Y-doped HfO 2 is greatly decreased to 135 meV. Generally, the free energy G = E + PV − TS should be used to determine the most stable structure at finite pressure and temperature. However present work focuses on the physics properties of materials at 0 K, therefore we neglect the last term and work with the enthalpy H = E + PV. The transition pressure between two phases can be estimated by the crossing point of their enthalpies. The relative enthalpy of cubic phase with respect to monoclinic phase as a function of pressure is shown in Fig. 2 . As shown 
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in Fig. 2͑a͒ , there is no crossing between monoclinic and cubic phases for pure HfO 2 , implying that pressure-induced monoclinic to cubic transition is impossible at zero temperature. For the monoclinic and cubic phases of Y-doped HfO 2 , the transition pressure from monoclinic to cubic phases is about 12.4 GPa, as shown in Fig. 2͑b͒ . The phase-diagram of HfO 2 indicates that phase transition between monoclinic and cubic structures of HfO 2 is mostly caused by the thermal treatment at high temperature and cubic phase of pure HfO 2 becomes stable above 2870 K. 7 The transition induced by pressure at zero temperature and the decrease in energy difference between monoclinic and cubic phase suggest Y addition into HfO 2 would lower the transition temperature. Recent experiment 9 has demonstrated that a pure cubic phase of HfO 2 is stabilized with Y content of 6.5 at. % and the cubic phase is stable upon high temperature rapid thermal annealing at 900°C under NH 3 . All of these results indicate that Y doping in HfO 2 enhances the stability of cubic phase by decreasing the energy difference and reducing the transition pressure. Table II . It can be seen that the system studied is energetically favorable when the V O is the second nearest neighbor of the Y Hf , which is consistent with the results of the first-principles studies on oxygen vacancies in Y-doped cubic and tetragonal ZrO 2 . 29, 45 Therefore in the following sections, we only focus on the case of V O -Y Hf complex formed by V O and Y Hf as its second nearest neighbor.
B. Oxygen vacancies with dopant Y in cubic HfO
Considering that oxygen vacancies are usually detected in insufficiently oxidized hafnia films containing less oxygen than stoichiometric HfO 2 , 24 the calculated formation energies of V O and V O -Y Hf in cubic HfO 2 under oxygen-deficient condition are listed in Table III . A negative formation energy indicates that the system is stable with respect to the chemical potential ͑growth condition͒. The oxygen deficiency in cubic HfO 2 corresponds to that of the chemical potential of oxygen which is defined as
where ⌬E f Fig. 4 . It can be seen that the formation of neutral V O introduces a fully occupied defect state at 2.54 eV above the VBM of HfO 2 . In our previous work on Al-incorporated HfO 2 films, 25 occupied DOS peaked at ϳ2.5 eV above the VBM are detected in the XPS spectrum of pure HfO 2 films, and such DOS are commonly attributed to the oxygen-vacancy-related defects. 18, 23 The corresponding vertical ionization energy is about 3.69 eV ͑see Fig. 5͒ 29 it could be expected that if more than one of lattice Hf atoms are substituted by Y atoms, the highest fully occupied defect level due to neutral V O could also fall into the valence band. These results suggest that the passivation of the defect states related to oxygen vacancies by dopant Y contributes to the evolution of defect DOS observed in XPS spectra of the pure HfO 2 and the Y-incorporated HfO 2 thin films. 16 
IV. CONCLUSIONS
We have performed first-principles calculations to investigate the effects of Y doping on the structural stability of HfO 2 and electronic structures of oxygen vacancies in cubic HfO 2 . The results suggest that the stabilization of cubic phase of Y-doped HfO 2 could be understood from the point of view that doping Y into HfO 2 decreases the energy difference between the cubic phase and the monoclinic phase and enhances the possibility of pressure-induced phase transition as well. The results of electronic structure of oxygen vacancies in HfO 2 and Y-doped HfO 2 indicate that dopant Y changes the charge state of oxygen vacancy, and most importantly, it passivates the gap states induced by oxygen vacancies, which also explains the observed evolution of the occupied density of states between Fermi level and valence band maximum in HfO 2 films upon Y addition. 
